INTRODUCTION
The prefrontal cortex (PFC) is proposed to play a role in diverse cognitive functions such as working memory and attention (Williams and Goldman-Rakic, 1995; Yang et al, 1999) . More recently, we and others have shown that repeated administration of drugs of abuse, such as cocaine, affect cellular (Trantham et al, 2002; Nasif et al, 2003) and metabolic functions (Grant et al, 1996; Childress et al, 1999; Volkow and Fowler, 2000) in the PFC. Moreover, it is known that psychomotor stimulants act on limbic and cognitive circuits, and drug-induced neuroadaptations in the corticolimbic circuits are increasingly gaining prominence in hypotheses of drug addiction (Pierce and Kalivas, 1997; Wolf, 1998; Jentsch and Taylor, 1999; Berke and Hyman, 2000) .
There are considerable data indicating that repeated treatments with cocaine produce long-lasting cellular and metabolic changes in the PFC. Cocaine-induced neuroadaptations in the PFC have been proposed to play a role in behavioral sensitization and drug-seeking behavior (Pierce and Kalivas, 1997; Jentsch and Taylor, 1999; Nestler, 2001) . Moreover, frontostriatal dysfunctions have been described in stimulant abusers (Jentsch and Taylor, 1999; Rogers et al, 1999; Ornstein et al, 2000; Grant et al, 2000) . Neuroadaptations in dopamine (DA) transmission occur in the PFC as a consequence of repeated cocaine administration (Sorg et al, 1997) ; specifically, there is a reduction in both evoked DA release and DA content in the PFC of cocaine-treated animals (Masserano et al, 1994; Hedou et al, 2000) . However, the acute administration of psychostimulants also produces important cognitive deficits. A recent study by Jentsch and colleagues (Jentsch et al, 2002) suggested that acute cocaine administration disrupts reversal learning in monkeys, although chronic treatment is required for longlasting deficits. Supporting their hypothesis that acutely administered cocaine is sufficient to alter learning, other investigators have shown that a single cocaine exposure can induce context-dependent behavioral sensitization (Jackson and Nutt, 1993; Alesdatter and Kalivas, 1993; Ungless et al, 2001) .
There is considerable evidence that cocaine alters cellular processes at the level of the nucleus accumbens (NAc) and the ventral tegmental area (VTA). In fact, there is agreement that acute administration of psychostimulants primarily suppresses firing of NAc neurons in vivo (for a review, see White and Kalivas, 1998) . Several ionic mechanisms are responsible for this suppression, including altered K þ conductances (Uchimura and North, 1990 ) and reduced whole Na þ (Zhang et al, 1998) and Ca 2 þ conductances (Zhang et al, 2002) . Moreover, Ungless et al (2001) have shown that a single in vivo exposure to cocaine induces long-term potentiation of AMPA-mediated currents at excitatory synapses of DA cells located in the VTA.
In contrast with the VTA and NAc, there have been few studies to explore the acute effects of cocaine in the PFC at the cellular level and, because even a single exposure to psychostimulants can alter the neurotansmitter balance in the PFC and produce profound alterations in the activity of cortical neurons and networks, it is clear that more studies are needed to address the acute effects of cocaine at the cortical level. Previously, we have reported that repeated cocaine administration decreases the number of cortical cells exhibiting membrane bistability (Trantham et al, 2002 ). Here we report that acute administration of cocaine in vivo disrupts cortical membrane bistability, decreases spontaneous firing in cortical cells, and blunts VTA-evoked responses. Moreover, the cellular mechanisms that underlie the decrease in cortical bistability are explored.
MATERIALS AND METHODS

Animal Preparation
All animals were handled in accordance with the procedures outlined in the Guide for the Care and Use of Laboratory Animals published by the US Public Health Service, and the Medical University of South Carolina Animal Care and Use Committees approved the specific protocol. Subjects were male Sprague-Dawley rats (Harlan), weighing 200-250 g at the start of the experiment. Animals were housed in pairs in a temperature-controlled colony room on a 12-h light/dark cycle (lights on at 0700 h) and food and water were available ad libitum. Animals were allowed to acclimatize to the colony room for 3-5 days after their arrival. Cocaine hydrochloride (COC) was donated generously by NIDA (Baltimore, MD). Cocaine was dissolved in 0.9% sterile saline and acutely administered (15 mg/kg, i.v.).
Intracellular Recording
The rats were anesthetized with chloral hydrate (400 mg/kg, i.p. (Sigma, St Louis, MO)), mounted in a stereotaxic apparatus (Narishige, Japan), and fitted with a lateral vein catheter for subsequent anesthetic or drug administration. The body temperature was maintained at 3770.51C by a thermostatically controlled heating pad (Harvard Apparatus). An incision was made in the scalp of each rat, the skull was exposed, and a burr hole was drilled overlying the PFC (coordinates from Bregma: AP: þ 3.2 mm; L: 0.6 mm; V: 3.0-5.0 mm at 101 inclination) and the VTA (coordinates from Bregma: AP: À4.9 mm, L: 0.5 mm, V: 7.7 mm from the brain surface, Paxinos and Watson, 1998) . Intracellular microelectrodes were pulled from 1.5-mm outer diameter Omegadot tubing (WPI, New Haven, CT) using a Narishige vertical puller. The electrodes were filled with 3.0 M potassium acetate (electrode resistance ¼ 25-40 MOhms in situ). Impalements were defined as stable if the resting membrane potential (RMP) was at least À55 mV and the action potential amplitude was at least 50 mV. A headstage amplifier connected to a preamplifier (NEURODATA IR-283, Cygnus Technology, Delaware Water Gap, PA) amplified the signals. Current was injected across a bridge circuit, with electrode potentials and current injection amplitude monitored on an oscilloscope (BKA Precision Instruments, Placentia, CA) using a National Instrument Board (National Instruments, BNC 2090) as an interface to a computer. Recorded data were stored on the hard drive of the computer for subsequent off-line analysis. Analysis was performed using a custom-designed software program. Input resistance (IR) was measured by passing pulses of depolarizing and hyperpolarizing current and measuring the voltage deflections during the steady state of the pulse. Electrical stimulation was delivered into the VTA by using bipolar concentric electrodes (Kopf, model SNE-10) delivering single current pulses with a duration of 0.15 ms, a frequency of 2 Hz, and an amplitude of 3.0-9.0 mA. Spontaneous firing was monitored and recorded during baseline and following VTA stimulation. Acute cocaine injections were administered via the catheter fixed into the lateral tail vein. Once baseline recordings were performed (10 min), cocaine (15 mg/kg) was administered and spontaneous firing, VTA-evoked responses, IR, and membrane potential bistability were evaluated. Only one cell per animal was recorded.
Histology and Statistics
At the end of the experiments, the animals were given an overdose of anesthetic and perfused transcardially with saline, followed by 10% buffered formalin. The brain was removed and placed in a solution of 15% sucrose at 41C. Coronal slices 60 mM thick were cut using a freezing microtome and collected in phosphate buffer (1.0 M, pH 7.4). The slices were stained with cresyl violet to aid in the localization of the electrode track and the stimulating electrode. The location of the track helped to identify the cortical layers in which the cells were recorded. There is extensive information regarding the electrophysiological characterization of pyramidal neurons and interneurons in the PFC (see Kawaguchi and Kubota, 1997; McCormick et al, 1985; Connors and Gutnick, 1990) . Based on that information, we classified the neurons recorded as pyramidal cells. The spontaneous and evoked firing of neurons recorded in the PFC was compared using a two-tailed, two-sample, unequal variance Student's t-test. All data compared exhibited normal distributions. Statistical significance was set at po0.05, and all results are presented as mean7SD.
RESULTS
A total of 20 pyramidal cells were recorded in the in vivo preparation. Only cells considered stable and healthy were included. In order to be included, the cells had to exhibit a resting membrane potential of at least À55 mV, an action potential with amplitude of at least 50 mV, action potential duration of no more than 3 ms, and have a stable baseline for at least 10 min.
Intrinsic and Synaptic Properties of Cortical Cells In Vivo
The neurons recorded in the deep layers of the PFC exhibited an average membrane potential (MP) of 73.07 3.9 mV (n ¼ 11, non-bistable cells, Table 1 ), and consistent with previous studies (Steriade et al, 1993; Lewis and O'Donnell, 2000; Trantham et al, 2002) , 45% of cortical neurons recorded in the in vivo preparation exhibited membrane bistability. Membrane bistability consisted of a depolarized phase with an average MP of 59.877.9 mV (n ¼ 9) and a hyperpolarized phase with an average MP of 71.078.3 mV (Table 1, Figure 1a) .
The average firing frequency of the cells was 4.172.2 Hz (Table 1) . The neurons exhibited an average spike threshold of 51.772.8 mV and an average input resistance (IR) of 55.7712.3 MOhms (Table 1 ). These electrophysiological properties were similar to those reported previously by our group and by others (Steriade et al, 1993; Lewis and O'Donnell, 2000; Trantham et al, 2002) .
When electrical stimulation was delivered into the VTA, sequences of excitatory-inhibitory postsynaptic potentials (EPSP-IPSP), EPSPs, or IPSPs were evoked, depending on the state of the membrane potential at the time of the stimulation (Table 1, Figure 2) . The average rheobase current for evoked responses was 0.670.2 mA (n ¼ 13, Table 1 ). The average amplitude for the EPSPs was 4.57 1.5 mV and the average amplitude for evoked IPSPs was 8.672.2 mV (Table 1) . It has been shown that the VTAevoked sequence of EPSP-IPSPs underlies the initiation of the Up states in PFC (Seamans et al, 2003) .
Effects of Cocaine on Cell Membrane Properties and VTA-Mediated Responses in an In Vivo Preparation
We investigated the actions of the psychostimulant cocaine on both cell membrane properties and synaptic-mediated responses of pyramidal cells within the PFC. Cocaine administration (15 mg/kg, i.v.) depolarized the MP of the nonbistable cells measured 10 min after cocaine administration (Table 1) . More importantly, cocaine administration disrupted the bistability exhibited in nine cells (Figure 1) . The average membrane potential of those cells was 62.27 10.8 mV following cocaine administration (Table 1) . Moreover, acute cocaine administration decreased significantly Figure 1 ). The neurons did not exhibit changes in average spike threshold (Table 1) , but there is a trend for an increase in IR (Table 1) . Following acute administration of cocaine, the rheobase current needed to produce the VTA-evoked EPSP-IPSP sequence was significantly increased (control 0.670.2 mA vs cocaine 0.870.1 mA, po0.05, Table 1, Figure 2) . Moreover, acute cocaine administration decreased the amplitude of the IPSP component on the VTA-evoked EPSP-IPSP sequence (control: 8.672.2; cocaine 5.772.8, po0.001, Table 1, Figure 2) .
DISCUSSION
Our results demonstrate that acute cocaine administration: (a) evokes a prolonged depolarization that resembles an Up state; (b) evokes a decrease in cortical firing rate; (c) reduces cortical responses to VTA stimulation; and (d) disrupts membrane bistability. Results obtained from analyzing the effects of acute cocaine in the VTA-evoked EPSP-IPSP sequence indicate possible mechanisms underlying the decrease in spontaneous bistability and cortical activity. The acute dose of cocaine used in this study is comparable with the dose of cocaine that a rat will self-administer in a session of 2 h when in an FR1 schedule (average selfadministration ¼ 19.271.4 mg/kg/session, Fuchs et al, 2004) .
Effects of Cocaine in Cell Membrane Properties and VTA-Evoked Responses
In an in vivo preparation, acute cocaine administration disrupted spontaneous membrane bistability, produced a depolarization of the MP, and decreased cortical firing. Furthermore, after cocaine administration, the rheobase current needed to produce VTA-evoked responses was significantly increased. Indeed, following cocaine administration, the MP of the cortical cells appeared to enter into a prolonged Up state.
In 2000, Lewis and O'Donnell reported that chemical stimulation (local application of NMDA) of the VTA elicited a prolonged Up state in the PFC. Moreover, the long-lasting Up state was accompanied by a significant reduction in cortical firing. The authors hypothesized that activation of DA cells via NMDA receptors produce an evoked DA release in the PFC and this release of DA was responsible for the generation of a long-lasting Up state, through activation of DAD1 receptors in the PFC. Regarding the decrease in cortical firing rate, the authors proposed that the evoked release of DA decreased firing rate via DA actions on Na þ channels. From the Lewis and O'Donnell paper, it is also clear that while DA did not mediate the Up states, it did contribute to the maintenance and duration of the depolarizations.
Our results suggest that acute administration of cocaine, by increasing DA release in the PFC (Pan et al, 1995; Maisonneuve et al, 1990) , produces a prolonged membrane depolarization that resembles a long-lasting Up state. That is, cortical cells are switched from a bistable state to a prolonged depolarized Up state by the acute cocaineinduced increase in DA. This excess DA acts then through stimulation of DAD1 receptors. Furthermore, the increase in cortical DA may also be responsible for the decrease in spontaneous firing via mechanisms similar to the one proposed by Lewis and O'Donnell; thus, DA may decrease the cortical firing rate by reducing whole sodium and calcium currents, as proposed by Zhang et al (1998 Zhang et al ( , 2002 . However, this point is controversial, because Yang and Seamans (1996) have shown that DA increases persistent sodium currents in PFC by acting through DAD1 receptors. In fact, a more plausible explanation for the decrease in cortical firing may be related to the DAergic effect on DAD2 cortical receptors, as discussed below.
In addition to the disruption of cortical bistability, this report provides evidence that cortical cells in vivo exhibited a blunted response to electrical stimulation delivered into the VTA following cocaine administration. It is important to indicate that DA can exert bi-directional effects: it can increase and decrease neuronal excitability depending on the concentration. It is known that in PFC, activation of DAD1 receptors increases cortical activity, whereas activation of DAD2 receptors decreases activity (Yang and Seamans, 1996) . Moreover, recent experiments by our lab (Trantham-Davidson et al, 2003) provide evidence that low doses of DA in PFC activate only D1 type receptors, whereas high doses activate DAD2 receptors that are known to decrease cortical activity. As mentioned before, it has been shown that acute cocaine administration increases extracellular DA in the PFC. This excess DA could stimulate DAD2 cortical receptors that are known to decrease cortical activity, therefore blunting cortical responses evoked by VTA stimulation and also decreasing spontaneous firing. Nevertheless, it is also possible to propose that systemic administration of cocaine is affecting serotonin and noradrenaline (NE), and that some of the effects reported here are mediated through these other monoamines. In fact, Waterhouse et al (1996) have shown that, in the somatosensory cortex, cocaine facilitates effects on long-latency responses to receptive field stimulation through a 5-HTdependent mechanism. On the other hand, cocaine enhances the excitatory actions of NE in the dorsal raphe by acting through alpha 1 receptors (Oleskevich and Williams, 1995) . However, to date, no data have been published regarding the physiological effects of acute cocaine on 5-HT or NEmediated responses in PFC.
It is important to note that some of the VTA-evoked responses could be due to antidromic activation of the PFC-VTA pathway. However, we believe that this is unlikely, because previous work by our lab has shown that 6-OHDA lesions of the VTA abolish the VTA-evoked EPSP-IPSPs . Moreover, we have shown (Lapish et al, 2003) that TTX applied to the medial forebrain bundle (MFB) abolishes the VTA-evoked EPSP. The MFB carries the VTA-PFC innervation but not the PFC-VTA pathway, which travels through the cerebral peduncle.
We have previously reported that stimulation of afferent inputs to cortical cells evoked sequences of EPSP-IPSPs that contribute to the Up state . In that report, we showed that the onset of the Up state is mediated by a glutamatergic drive that in turn mediated the GABAdependent EPSP-IPSP sequence. Now, we present evidence that acute cocaine decreases the amplitude of the first component of the Up state: the sequence of EPSP-IPSPs. Thus, we speculate that the driving force of the Up state is compromised by acute cocaine administration, thereby decreasing the probability that cortical bistability can be established.
Functional Implications
Addressing the cellular effects of acute cocaine administration provides insights into the basic mechanism modulating the long-lasting effects of repeated administration. Furthermore, transient changes in cortical excitability may have a role in mediating some of the short-term behavioral effects of cocaine. For example, acute cocaine administration to monkeys has been shown to impair performance in a behavioral paradigm that involves new learning as well as behavioral flexibility (Thompson and Moerschbaecher, 1970; Evans and Wenger, 1992; Jentsch et al, 2002) . The cocaine-induced decrease in cortical bistability reported here could contribute to decrease efficiency of information processing in prefrontal cortex and compromise functions such as working memory and attention.
